Food samples undergo various physical changes during long period refrigeration and their taste gradually diminishes. The amount of squeezable drip and salt-soluble protein in beef fillet and salmon meat were measured as indices of taste during the course of refrigeration and compared with sensory tests. Both meat samples showed similar degradation tendency. The amount of squeezable drip increased rather rapidly within 15 h, although the increase did not directly correlate with the sensory tests. The amount of salt-soluble proteins, which is one of the typical indices of denaturation of protein, decreased gradually with lengthening refrigeration period and was well consistent with the sensory tests. The mobility of water molecules in the food samples was examined by measuring the spin-spin relaxation time T 2 measured by the CPMG method of pulse NMR. The spin echo signals of pulse NMR were analyzed by Gauss-Newton nonlinear regression analysis. The experimental curves were satisfactorily taken into account according to the two-component approximation in which each sample was assumed to contain two kinds of water components with different relaxation times, short-and long-T 2 . The relative amount of the short-T 2 component corresponded well with the sensory tests and also with the decrease in salt-soluble protein that was representative of the texture items. It was concluded that the mobility of water molecules as determined by the relaxation times holds promising information to evaluate the degradation degree of meat samples during long-period refrigeration.
Various foods degrade during the course of long-period refrigeration which results in decreased taste and change in texture. One plausible interpretation of such degradation is the oozing out of water molecules occurred the cell membrane and the resulting formation of microscopic fine ice crystals. The formation of such ice crystals destroys the membranes and causes macroscopic physical damage. This interpretation has been confirmed both by increase in the amount of squeezable drip and the direct observation of the distorted muscle cells using an optical microscope (Asahina, 1971) . On the other hand, the texture change during refrigeration can be attributed to the denaturation of proteins. The denaturation has been ascribed to the partial dehydration of water molecules that are hydrated around the proteins' hydrophilic groups. Depending on the amount of dehydration, the threedimensional matrices of the proteins would begin to warp and shrink and the corresponding texture items would be decreased (Tanaka, 1973; Tsuchiya, 1998) . These interpretations of the reduction in taste are useful indices for the quality evaluation of the refrigerated foods.
The NMR technique is believed to be a novel procedure for the evaluation of refrigerated foods. Oozing of water molecules through the cell membranes and subsequent formation of ice crystals are important factors as stated above. Such water molecules join with the intercellular water layer (see Fig. 1a .) and behave differently than those inside the cells. Several NMR studies have evaluated the quality of foods and most of them concerned the mobility of water molecules (Boltlan & Helie, 1994; Mukai et al., 1992; Nakazawa, 1994; Steen & Lanbeler, 1997; Yannick et al., 1996) .
The different mobility of water molecules in foods can be examined by the measurement of NMR relaxation time. There are two NMR relaxation times, spin-lattice (T 1 ) and spin-spin (T 2 ). They are calculated from the decaying echo signal just after application of a series of short resonating pulses, the width of the pulse being around 10 s. Following the pulse, the decaying echo signal continues for milliseconds in food samples and a few seconds in free water. The authors studied the relation between the physicochemical properties and T 2 value of 1 H-NMR for water molecules of refrigerated/thawed meat samples. The tightly hydrated water molecules around the hydrophilic groups of the proteins have the shortest T 2 in the cellular tissues, and T 2 is intermediate for somewhat restricted water molecules such as in the viscous cytosol. On the other hand, T 2 is long in unrestricted water molecules such as in intercellular water and so-called free water. According to a preliminary study, the authors found there was a significant and systematic relation between the physicochemical parameters and NMR relaxation time, T 2 . This study deals with the relation between changes in these physicochemical parameters and T 2 for meat samples during the course of long-period refrigeration. The NMR results are interpreted satisfactorily by the oozing property of water molecules from cell membranes as reflected in measurement of the squeezable drip, salt-soluble proteins, and the growth of ice crystals observed by microscope.
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Mobility of H 2 O in cellular tissues and the theory of relaxation time
Correlation time of H 2 O in the cellular tissues The mobility of water molecules in living cells has been elucidated from measurement of the NMR relaxation times. The mobility of certain molecules closely relates to the correlation time. The correlation time of water molecules in the cellular tissues is summarized schematically in Fig. 1a . (Uedaira, 1976 (Uedaira, , 1983 .
Theory of relaxation times in 1 H-NMR The quantitative relation between the 1 H-NMR relaxation time and the correlation time of water molecules has been elucidated theoretically as shown in Fig. 1b (Bloembergen et al., 1948) . The abscissa is the correlation time, , which is representative of the mobility of water molecules under a given circumstance. Two relaxation times decrease simultaneously with increasing correlation time at short region. As becomes larger, the spin-lattice relaxation time T 1 shows a minimum at the correlation time c which corresponds to the resonating frequency, 1/ o . In contrast, the spinspin relaxation time T 2 reaches a steady value at three-orders longer than c . T 2 of meat samples locates at the left side of the T 1 minimum and T 2 was selected as the index of mobility in the present study. One of the most popular instruments that utilizes the 1 H-NMR relaxation time is MRI for clinical diagnoses in which the mobility difference of water molecules between normal and malignant tissues is utilized to get CT scanning photographs (NessAvier, 1997; Rinck et al., 1985) .
Materials and Methods
Sample preparation A beef fillet (dairy fattened steer) and fresh salmon meat (Atlantic salmon imported from Australia) were selected for the present study. They are popular foods that are refrigerated in our daily life. The supplied samples were sliced out at 150 g weight and 15 and 25 mm thickness for the beef and salmon, respectively. They were wrapped in a poly-(vinylidene chloride) sheet and stored at -18˚C in the freezing room of a home refrigerator (Matsushita Refrigeration Co., NR-D41EM2, 4 stars, Osaka). Measurements were made 15 h, 1 week, 4 weeks, and 8 weeks after the beginning of refrigeration.
Sensory tests Each refrigerated sample was gently thawed in a microwave oven and kept at room temperature for 1 h before cooking. The beef fillet and salmon meat were then dipped in 10% and 15% NaCl solutions for 1 min, respectively. The beef fillet broiled in a frying pan and the grilled salmon meat were served for the sensory tests. Eight untrained panelists were selected from our company staff, four males and four females, aged from thirties to forties. In addition to an "overall" item, evaluation items adopted here concerning texture were "hardness", "moisture", "chewiness", and "elasticity". Other items were "appearance", "flavor", "odor" and "taste". They were graded by a 5-point numerical ranking: point 5 being the best in comparison with a fresh sample, and point 1 being the worst.
Squeezable drip A thawed meat sample was put on stainless steel gauze placed on fine sea sand. The squeezed drip which soaked into the sand was collected and centrifuged at 1500 rpm for 10 min to remove solid components. The weight of the supernatant liquid was then recorded as the amount of "squeezable drip".
Denaturation of proteins A thawed meat sample was first rinsed in phosphate buffer. The sample was then homogenized and the salt-soluble proteins were extracted in the [(0.45 mol dm -3 KCl)+(phosphate buffer at pH=7.5)] mixture in a similar manner to the extraction of actomyosin (Arai et al., 1974 ). The -9 s, 4; water molecules in intercellular space, correlation time 10 -9 -10 -11 s,. (Uedaira, 1976; Uedaira, 1983 amount of salt-soluble proteins in the extract was determined by means of the biuret-reaction and used as the measure for denaturation of proteins.
NMR relaxation time
The 1 H-NMR spin-spin relaxation time T 2 for H 2 O molecules was measured by the CPMG method (Meiboom & Gill, 1958 ) using a 20 MHz pulse NMR spectrometer (Bruker Japan NMS-120, Ibaraki, Japan). The inner diameter of the sample tube was 9 mm and temperature was controlled at 25˚C using a variable temperature unit (Bruker Japan BVT 3300). The pulse separation time in the CPMG method determines the sampling interval of the decaying echo-signal. Separation times of 1.65 ms and 5.0 ms were selected to detect the short and long relaxation time components, respectively. One hundred sampling points of the decaying echo-signal were stored in the spectrometer's memory and transferred to a personal computer. The decay curves were analyzed according to Gauss-Newton nonlinear regression analysis using the SAS-TNLIN procedure (SAS, 1993) as described below.
Results and Discussion
Freezing process of meat samples Figure 2 shows the temperature change at the center of the sample body after the beginning of refrigeration. In beef fillet, a long plateau was observed at -1.5˚C which was believed to be caused by the coagulation of relatively mobile water molecules, i.e. water molecules in the intercellular space as well as in the cytosol. After the plateau, the temperature began to decrease and settled at -18˚C 5 h after the beginning of refrigeration. In salmon meat, the plateau at -1.5˚C was rather short and less definite. Accordingly, it was obvious that the freezing of water molecules in the whole sample body was accomplished far earlier than the first sampling time of 15 h, except for the water molecules in cytoplasm and cell nucleus and hydrated water molecules around the protein molecules in the cellular tissues.
Measurement of squeezable drip Figure 3 shows the relation between the amount of squeezable drip and refrigeration period. It was found from the experimental curves that the amount of squeezable drip increased promptly up to 15 h both in beef fillet and salmon meat. The amount of the drip was then remained almost constant for up to 4 weeks, then gradually increased again up to 8 weeks. Macroscopic needle-like ice crystals became visible to the naked eye in the 8 week samples. Such ice crystals are ascribable to the slow oozing of water molecules through the cell membranes and degrading the microscopic cells. The macroscopic ice crystal formation also results in the visible and violent destroy of the cellular tissues.
Denaturation of proteins It is well known that the denaturation of proteins in cattle and fish meats generally progresses with lengthening refrigeration period. The denaturation progresses due to the oozing of water molecules through the cell membranes and subsequent formation of ice crystals as observed by microscopic observation and the naked eye. This oozing includes the dehydration of water molecules that are hydrated around the hydrophilic groups of muscle protein molecules. Depending on the dehydration, the protein's three-dimensional matrices begin to warp and shrink. Such three dimensional matrix change of protein molecules reduces the amount of salt-soluble proteins. In other words, the denaturation progresses in parallel with the oozing of water molecules through cell membranes.
The decrease in salt-soluble proteins during refrigeration is shown in Fig. 4 . It was found from the results that the amount of these proteins decreased slowly down to 1/2 that of the fresh beef fillet during 1 week of refrigeration and reached a steady value. This decrease continued for up to 4 weeks in salmon meat and the amount was down to 1/3 to 1/4 that of the fresh sample. The following facts are found from a comparison of Figs. 2, 3, and 4: (i) The refrigeration of water molecules of whole sample body was completed rather quickly, within 5 h. (ii) The increase in the amount of squeezable drip also proceeded rather quickly, within 15 h. (iii) The denaturation of proteins which presumably be caused by the dehydration of water molecules around the protein molecules occurred slowly and continued for more than 4 weeks. Sensory tests As stated, the sensory test was carried out using a 5-point numerical ranking in comparison to fresh samples. The averaged points of these tests and resulting correlation factors between the "overall" item and other items are shown in Table 1 . The ranking for the fresh samples seems unexpectedly lower than 5 as shown in the table. These apparently unfair evaluations are general tendency of the untrained panelists. In these tests, they tended to give more severe points than the actually true one and gave points lower than rank 5 for the fresh samples. In spite of such shortcomings of the untrained panelists, the evaluated values have sufficient reliability to reflect the degradation during the course of refrigeration.
The averaged points of "overall" items are illustrated in Fig. 5 . The values after 1 day of refrigeration were similar to the fresh ones and gradually decreased with increase in the refrigeration period both in beef fillet and salmon meat. Among texture items, "moisture" and "taste" were found to be the items that most affected the "overall" item. The correlation factors of "moisture" and "taste" for the beef fillet were 0.625 and 0.728, respectively, and those for salmon meat were 0.589 and 0.840. The "elasticity" had intermediate correlation with "overall". In other items, "appearance" and "flavor" had a positive intermediate correlation with "overall", while "odor" had a negative intermediate correlation. Generally speaking, most of the items in the sensory tests had fairly good correlation with the "overall" item.
A comparison of Fig. 4 and Fig. 5 showed that the decrease in salt-soluble proteins, i.e. the denaturation of proteins, correlated well with the decrease in taste during 4 weeks of refrigeration. While little correlation was observed between the increase in squeezable drip with 1 day of refrigeration in Fig. 3 and the decrease in taste. Accordingly, the denaturation of muscle proteins must affect the change in the texture items that were the superior factors of "taste". The decrease in taste between 4 and 8 weeks was ascribed to the slow growth of the macroscopic needle-like ice crystals and the resulting visible destruction of the cellular tissues.
NMR relaxation time The spin-spin relaxation time T 2 was estimated from the decay curve of the spin echo signal. The observed curves were analyzed in two procedures to deduce T 2 in this study. In the first procedure, the water molecules were assumed to be homogeneous and to have only one kind of net relaxation time. In this case, a single exponential function was applied to analyze the decaying echo signals. In the second procedure, however, the foods were assumed to be heterogeneous and to contain two kinds of water components with different relaxation times. For example, one consists of rather restricted water molecules that are located inside the cells and has a short-T 2 , e.g. water 2 in Fig. 1a . The other consists of rather mobile molecules that are located outside the cellular tissues and/or adsorbed on the membrane surface and has a long-T 2 , e.g. water 3 and 4 in Fig. 1a . Thus the observed decay curve was analyzed as a sum of the two different exponential functions. In the present study, most of the data fitted satisfactorily using two exponential functions as discussed below. One of the most popular procedures to estimate T 2 is CPMG method (Meiboom & Gill, 1958 ; Rinck et al., 1985) . The main parameter in this method is the pulse separation time that corresponds to the sampling interval. Mobile water molecules that have long relaxation times prefer a long separation time while rather restricted water molecules with short relaxation times prefer a short pulse separation time. In this study, the measurements were carried out using two different separation times of 1.65 ms and 5.0 ms to estimate T 2 for shortand long-T 2 components, respectively.
Equation (1) shows the overall decaying echo-signal Y(t) that is indicated by the sum of the two exponential functions in which four variable parameters are necessary.
The first and second terms in the right-hand side indicate the short-T 2 and long-T 2 components, respectively. Amplitudes A S and A L indicate the population of water molecules with shortand long-T 2 components, respectively. B S and B L indicate the inverse of the time constants for the decaying echo signal with short-and long-T 2 , respectively. In CPMG method, the inverse of B S and B L corresponds to the spin-spin relaxation time T 2 . The use of more than three exponential functions was impractical because it would unnecessarily increase the number of variable parameters and decrease the reliability of the analyzed data.
The curve-fittings were carried out using either eq. (1) or the logarithmic form of eq. (1). Figure 6 shows an example of the curve-fitting result in the logarithmic plot based on the GaussNewton nonlinear regression analysis using the SAS-TNLIN procedure. It is obvious from the figure that the two-component approximation (open circles) satisfactorily fits with the experimental curve (solid line) and is far superior to the one-component approximation (closed circles). However, it should be noted that the two-component approximation had a considerable error when the population of the minor component was small. For example, Fig. 7 compares the decaying curve between two similar beef fillets, S A and S B , where the population of long-T 2 component A L was very small. The analyzed relaxation times T 2 and corresponding populations of water molecules with short-and long-T 2 are also shown in the figure. In this examples, the relative amount of long-T 2 component was calculated to be 1.0% and 2.4% for sample S A and S B , respectively. Similarly, the difference in T 2 was very large and the values for the long-T 2 component were 1361 ms and 417 ms, respectively.
Such relatively large error occurred only in the minor component. In spite of such shortcoming for the minor component, satisfactory results were obtained as shown below.
The first study was to examine the relaxation times of the short-and long-T 2 components, i.e. inverse of B S and B L in eq. 1. Table 2 shows the results in which two pulse separation times of 1.65 ms and 5.0 ms were used. The short-T 2 for beef and salmon that were measured using 1.65 ms were 40-43 ms and 40-46 ms, respectively, and had a weak tendency to decrease with increasing refrigeration period. On the other hand, long-T 2 for beef and salmon that were measured using 5.0 ms were rather scattered: 300-580 ms and 270-390 ms, respectively. Generally speaking, however, the measurement of T 2 did not reveal any significant correlation to the physicochemical measurements.
The second study was to examine the population change during the course of refrigeration, i.e. A S and A L in eq. 1. Table 3 summarizes the relative populations of A S and A L , i.e. A S +A L = 100, that were measured using two different pulse separation times. In every case, the population of short-T 2 component was found to be superior in both beef fillet and salmon meat. A significant difference was observed in A S and A L as follows.
Figure 8 (a) shows the relation between A S and the refrigeration period measured by a short pulse separation time of 1.65 ms, and the numerical data are shown in the top column in Table 3 . The decrease in population of the short-T 2 components seems consistent with the decrease in salt-soluble proteins in Fig. 4 . This fact may suggest a decrease in water molecules inside the cells. Similarly, Fig. 8 (b) shows the relation between A L and the refrigeration period measured by a pulse separation time of 5.0 ms and the numerical data are shown in the bottom column in Table 3 . The population of the short-T 2 component decreased with increase in refrigeration period while that of the long-T 2 component increased. Such tendency was similar between the beef fillet and salmon meat. The increase in population of long-T 2 may suggest an increase in the intercellular water and is consistent with increase in the squeezable drip in Fig. 3 . These results are ascribable to the oozing of water molecules through the cell membranes.
The following analogy between MRI and the present results seems appropriate. In the case of MRI, the water molecules in normal tissues that have a good shape are properly restricted and have short relaxation times, whereas the protein molecules in malignant tissues are collapsed and water molecules have oozed out from the cells. Such water molecules must be rather mobile and have long relaxation times. The water molecules in fresh foods correspond to those in normal tissues and those in refrigerated and degraded foods to malignant tissues.
Analysis of the NMR relaxation time based on the two-component approximation showed that the relative population of the short-and long-T 2 components was statistically significant in evaluating the decrease in taste during long-period refrigeration. 
Conclusion
The 1 H-NMR relaxation time T 2 for refrigerated foods was examined using pulse NMR spectroscopy and the results were compared with the amount of squeezable drip, salt-soluble proteins, and sensory tests. From the findings, it is suggested that the NMR technique has potential for the evaluation of meat samples during long-period refrigeration as follows:
(1) The CPMG spin-echo signals of 1 H-NMR were interpreted satisfactorily using two-component approximation. (2) The correlation between the relaxation time and other measurements was rather ambiguous. (3) Significant correlation was shown between the population ratio of short-and long-T 2 components and the physicochemical measurements. (4) The relatively slow decrease in the short-T 2 component, which was a representative of rather restricted water molecules, occurred over 1 to 2 months. Such restricted water molecules are ascribable to the water molecules inside the cell, and suggest the dehydration of water molecules around the protein molecules.
